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Analysis of the free-jet specrra 01 hydroquinone (para). catecho (onho) and resorcinol (mela) shows the presence or muhiple 
ongms in each molecular spalnim which are interpreted as belonging IO separate snuctural isomers. 
1. Introduction 
The spectra of hydroquinone, catechol and 
resorcinol were first analyzed under conditions of 
medium resolution by Beck [l]. At that time (1950) 
the spectrum was interpreted very much in the same 
mold as that of other substituted benzenes (particu- 
larly the halogenated) in that a single origin was 
assigned for the electronic transitions in the near 
ultraviolet (==35000-36000 cm-l) and the bands at 
longer wavelengths were attributed to transitions 
from vibrational levels populated at room temperature 
(sequences and progressions) while those to shorter 
wavelenghtswere assigned to excited state progressions 
(together with sequences). 
The resolution obtainable in this work was relatively 
modest (perhaps of the order of 50000) and even then 
the relatively low vapor pressures of these molecules 
meant that the absorption cell needed to be heated 
in order to obtain sufficient vapor for a reasonable 
spectrum (up to 140°C). This high temperature, how- 
ever, led to considerable diffuseness as a consequence 
of populating a much greater variety of rotational and 
vibrational states, the former particularly, leading to 
the loss of sharp structures in the individual vibronic 
bands. 
The study was extensive and, with one exception, 
the transitions assigned were convincing_ The exception 
concerns the bands at 33533 and 33499 cm-l in the 
hydroqumone spectrum &rich were assigned as the 
origin and its low-fre_quency sequence or hot band, 
35 cm-l to lower energies. Even the original assign- 
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ments show that the lower-frequency band is ex- 
tremely strong but, in the text, it is both identified 
as a sequence (totally symmetric) and is also said to 
have a different rotational contour - two heads rather 
than the single head of the origin. Similar situations 
with respect to the origin and nearby bands in resorcinol 
and catechol also appear anomalous and it is now clear 
that some of these bands previously assigned as 
sequences are, in- reality, the origins of structural 
isomers of these compounds. 
2. Experimental 
Two parallel kinds of experiments were performed_ 
The first set of experiments utilizes laser resonant 
two-photon ionization (R2PI) spectroscopy in super- 
sonic expansions to study the ultracold spectroscopy 
of these molecules. The supersonic beam timeof- 
flight mass spectrometer unit used in these experiments 
is similar to that of our previous work [2]_ This device 
consists of a TOFMS in which a supersonic molecular 
beam crosses the ion acceleration region where ion- 
ization is produced by laser radiation. The laser beam, 
molecular beam, and time-of-flight ion path are 
orthogonal to one another. The vacuum system con- 
sists of a stainless steel chamber pumped by a 6 ” dif- 
fusion pump with a liquid-nitrogencooled baffle to 
obtain a background pressure of = 10m6 Torr. The 
supersonic molecular beam source is produced by 
using the Quanta-Ray PSV-1 pulsed valve which 
provides gas pulses of=55 w fwhm at “choked flow.“. 
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A back pressure of I atm Ar, with an orifice diameter 
of 0.05 cm produced a MT = 40. The nozzle to ex- 
citation region distance was fixed at 9-25 cm which 
places the molecular beam well within its “free flow” 
region [3].-When a pulse rate of 10 Hz was used, the 
average chamber pressure was 1.5 X lo-’ TOIT. The 
compounds were heated to ~70-85°C and a slow 
continuous flow of Ar gas was swept over the same 
and into the orifice region in order to ensure a steady 
concentration of ~30 ppm in the carrier gas. In order 
to prevent sample from adhering to the walls the 
valve was heated to between 80 and 100°C during 
operation_ 
microdensitometer. The wavenumbers.of bands given 
here have been vacuum corrected_ For.the most part, 
these values are -3 .cm--l lower than the values given 
by Beck [l] but whether this difference is significant 
or not must await the calculatiorrof the contours at 
low (z.i 0 K) tempurattues. Finally, there are dif- 
ficulties in obtaining precise values of the laser wave- 
lengths and, for this region,.the errors must be.asscsscd 
as ==+3 cm-l at this time. 
The ions produced by laser photoionization were 
detected by using a TOFMS modified for use with a 
supersonic beam [4]. The detector was a dual micro- 
channel plate (R.M. Jordan Co.) which can provide 
subnanosecond risetimes needed to process the ultra-. 
fast (< 10 ns) pulses provided by the TOF device. The 
molecular ion was monitored as a function ofwave- 
lenght using a SRS model 250 gated integrator. Thus, 
we obtain mass selected ionization spectra of mole- 
cules. Any background contaminants or impurities 
can be gated out by this method. Before passing the 
laser beam through the ionization region of the TOF 
device the laser beam was colbmated to ~2 mm by 
using a positive negative (30/10 focal length ratio) 
lens telescope system. The light beam was then 
attenuated so that the energy was typically 0.1-0.2 
mJ so that no fragmenfation was obtained under the 
conditions of these experiments. 
Thelaser source is a Quanta-Ray DCR-IA Nd:YAG 
laser used at its second harmonic (532 nm) to pump 
various dyes in the PDLlA dye laser_ For tunable UV 
light, the output from the dye laser was frequency- 
doubled in phase-matched KD*P in the WEX-1 wave- 
length extension device. The dye laser was scanned by 
using a stepping motor controlled by the CDM-I 
control display module. 
The second set of experiments involved the high- 
resolution absorption spectra of these compounds 
being rephotographed under very much higher reso- 
lution (ofthe order of 500000) using methods and 
equipment previously described [S]. The spectra.were 
taken in a 1 m fused silica cell uniformly heated and 
maintained at temperatures up to 150°C:The spectra 
were recorded photographically and the photographic 








Fig. L (a) Resonant two-photon ionization (RZPI) spectrum 
of hydroquinone expanded in a sup&sonic jet of 1 atm back 
pressure of AI. Gating the &MI en+res &at only the parent 
molec&r iin is monotored in &~q%ztr& &r&a TOE . . 
mass spectrometer. fb) High-resclutio~ absorption 5&.etru~ 
of hydroquinone. 
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3. Results 
The free jet spectra indicate the pr&ence-of.two 
o&n btids for, hydroquinone at 33533 and 33499 
cm-1 and three for each qf resorcinol and catechol. 
The hydroquinsne spectra in the .origin regions are 
given in fig..1 and, at the temperature of the jet, the 
band assigned as hot by Beck cannot be vibrationally 
populated so that it must arise from the lowest vi- 
brational state of the ground electronic state. The 
accompanying high-r&olution spectrum of hydro- 
quinone shows that the band assigned as a hot band 
by Beck is at least as intense as the origin and cannot 
be a sequence_ Further, despite some rotational over- 
lapping by a band a few cm-l to higher frequencies 
(which is a hot band), it is clear that the rotational 
contour of this band is essentially the same as the 
cis trans 
hydroquinone 
origin. Thus, the free jet spectrum and the high reso 
lution spectrum disclose the presence of two origin 
bands separeted by 35 cm-l _ T+free jet spectrum- 
of catechol and resorcinol gives strong (temperature 
independent) bands at 35646,35760and 35896.cm-1 
(catechol) and 35943, 36166 and 36192 cm-l 
(resorcinol) of which at best two in each case;and 
possibly all three (see below), are assignable as origins. 
4. Discussion 
We assign the two origin bands of hydroquinone 
to the cis and trans isomers and note that their rela- 
tive intensities are ~2 I 1 in the free jet spectrum. 
This suggests that at the temperature at which the 




Fig. 2. Structural isomers for the three dihydroxybenzenes. 
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tions of these two levels are ~2 : 1 and we conclude 
that either the difference in energy between these 
two species is not large (~300-400 cm-l) in the 
ground electronic state and that the barrier between 
them is also of the order of a few hundred cm-1 or 
else that the barrier is very large and the relative pop- 
ulations simply reflect the ratio of the isomers which 
were formed upon their synthesis. 
The spectrum of phenol has been carefully analyzed 
and it was concluded [6,7] that the barrier to rotation 
of the hydrogen out-of-plane motion is ~1000-1500 
cm-l high in the ground state and perhaps as high as 
=4500 cm-l in the excited state [7]. Assuming that 
the para interaction energy is not large, this would 
imply that the barrier is too high for facile conversion 
at room temperature but, of course, the possibility 
of hydrogen-bonded catalysis at the walls or even with 
other hydroquinone molecules might well reduce this 
barrier and allow thermal equilibration between the 
cis and tram forms. 
The recent evidence [7-91 supports the calculations 
by Mur-rell [lo] which favour an enhanced interaction 
with the benzenoid ring by the para substituents in the 
lowest electronic excited state of these para-sub- 
stituted benzene compounds and this suggests that 
electronic excitation is unlikely to lead to cis-trans 
interconversion_ In fact, the relative stabilities of the 
ground states of these compounds may be sufficiently 
different to allow their separation by chromatographic 
methods. I 
Recently [l l] it has been reported that both meta- 
substituted phenols and /.%naphthol show cis-trans 
isomerism, with the origin bands being separated by 
207 cm-l for the fluorophenol and 318 cm-l for 
P-naphthol. These authors concluded that the low- 
frequency origin is cis and the higher origin is of the 
tram species and they also noted that the intensity 
of the trans (higher frequency) was larger in both 
m-fluorophenol and fl-naphthol, much larger in the 
latter than the former. 
The spectra of catechol and resorcinol are not as 
clear cut as for hydroquinone. In the spectrum of 
resorcinol there are two very strong temperature in- 
dependent bands at 35943 and 36192 cm-l, with 
the latter being the more intense. As noted above, 
there is a third, weaker, band at 36166 cm-l which 
is difficult to assign as the first member of a progres- 
sion based upon the 35943 cm-l origin since the 
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Frarrck-Condon expectation for the second-member 
is far exceeded. Accordingly, we tentatively assign 
it as the third originFrom fig. 2‘it can be seen that, 
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Fig. 3. Resonant two-photon ioniiwion (RZPI) spectra taken 
in an expansion of 1 arm hack pressure of Ar of (a) hydra 
quinone. Ch) resorcinol and (c) catechol. Only the Parent 
molecular ion is monitored in these spectra using a TOF mass 
spectrometer. 
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are not), the isomer I, II should have twice the popu- 
lation of the others and, for this reason, we tentatively 
assign the origin at 36192 cm-1 (the strongest) as 
that for this isomer. 
An alternative assignment is suggested by the 
appearance of the origin at 35943 cm-l since, in all 
of the jet spectra, it appears.to be double, with a 
splitting of ~2 cm-1 which is also the liinit of the 
instrument resolution. This appears less likely than 
the scheme suggested above since the major splitting 
is ~250 cm-l and 2 cm-l seems far too small, except 
by coincidence, to be the difference in transition 
energy between I(H), III or IV. Also, the totally sym- 
metric progression of 324 cm-l based upon 35943 
cm-1 does not appear to be double in any of the jet 
spectra. On this basis, the 2 cm-l splitting must be 
assigned to the rotational features of the spectrum at 
low, free jet, temperatures. 
In catechol the issue appears to be much more 
obvious with the temperature independent bands at 
35646 cm-l, 35760 cm-1 and 35896 cm-1 being 
assigned to the three origins. The band at 35760 cm-1 
is, indeed roughly twice as intense as the lowest 
frequency band with the highest frequency band the 
least intense - as can be seen from fig. 3. As for 
catechol, there are three isomers (see fig. 2) but it 
is premature yet to assign which of the bands is to 
be associated with which isomer. Work is continuing 
on a more complete assignment of these electronic 
spectra. 
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